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Cell differentiation requires integration of gene expression controls with dynamic changes in cell
morphology, function, and control. Post-transcriptional mRNA regulation and signaling systems are
important to this process but their mechanisms and connections are unclear. During C. elegans
oogenesis, we ﬁnd that two groups of PUF RNA binding proteins (RNABPs), PUF-3/11 and PUF-5/6/7,
control different speciﬁc aspects of oocyte formation. PUF-3/11 limits oocyte growth, while PUF-5/6/7
promotes oocyte organization and formation. These two PUF groups repress mRNA translation
through overlapping but distinct sets of 3’ untranslated regions (3’UTRs). Several PUF-dependent
mRNAs encode other mRNA regulators suggesting both PUF groups control developmental patterning
of mRNA regulation circuits. Furthermore, we ﬁnd that the Ras-MapKinase/ERK pathway functions with
PUF-5/6/7 to repress speciﬁc mRNAs and control oocyte organization and growth. These results suggest
that diversiﬁcation of PUF proteins and their integration with Ras-MAPK signaling modulates oocyte
differentiation. Together with other studies, these ﬁndings suggest positive and negative interactions
between the Ras-MAPK system and PUF RNA-binding proteins likely occur at multiple levels. Changes
in these interactions over time can inﬂuence spatiotemporal patterning of tissue development.
& 2012 Elsevier Inc. All rights reserved.Introduction
During development, cell differentiation depends on the co-
ordination of many levels of gene expression with dynamic
changes in numerous cell processes. Gene expression controls
include not only transcriptional regulation but also control of
speciﬁc mRNAs and their protein products in the cytoplasm. RNA
regulation systems are critical to numerous developmental
events, but how they integrate with each other and with signaling
pathways to control differentiation is poorly understood.
Early metazoan development requires coordination of mRNA
translation and localization with germ cell, oocyte, and early
embryo development (Bettegowda and Smith, 2007; de Moor
et al., 2005; Lasko, 2009). One example is the C. elegans germ line,
where oocytes develop in a precise temporal and spatial pattern
that depends on mRNA regulation. Mitotic germline stem cells at
the gonad distal tip produce nuclei that enter meiosis, progress
through early meiotic prophase, and differentiate into oocytes atll rights reserved.
Biology, Department of Cell
Anschutz Medical Campus,
ans).the proximal end (Fig. 1A). This developmental program depends
on speciﬁc patterns of translational control (Crittenden et al., 2002;
D’Agostino et al., 2006; Ghosh and Seydoux, 2008; Jadhav et al.,
2008; Jones and Schedl, 1995; Lublin and Evans, 2007; Mootz et al.,
2004; Zhang et al., 1997). For many maternal mRNAs, speciﬁc 3’UTR
elements and some 5’UTR elements are bound by sequence-speciﬁc
RNA-binding proteins that repress translation at speciﬁc stages
(Jadhav et al., 2008; Kershner and Kimble, 2010; Lee and Schedl,
2001; Lublin and Evans, 2007; Marin and Evans, 2003; Merritt et al.,
2008; Mootz et al., 2004). For example, the KH protein GLD-1
functions in early meiosis and disappears upon pachytene exit,
whereas the PUF protein PUF-5 is made at the beginning of
pachytene exit and controls late steps of oogenesis (Hansen et al.,
2004; Jones et al., 1996; Lublin and Evans, 2007). As a consequence,
the fate of a single mRNA depends both on the combination if its
UTR elements and the developmental pattern of RNA regulators
that bind these speciﬁc RNA elements.
PUF proteins comprise a large, conserved family of RNA-
binding proteins that control mRNA translation and stability from
yeast to humans (Quenault et al., 2011; Wickens et al., 2002). PUF
proteins control stem cells, cell fate patterning, differentiation,
and neuron function (Kaye et al., 2009; Kimble and Crittenden,
2007; Kohlmaier and Edgar, 2008; Lublin and Evans, 2007;
Fig. 1. PUF-3/11 and PUF-5/6/7 have different functions during late oogenesis. (A) Schematic of a C. elegans gonad. Distal tip to proximal end is left to right; oogonia and
oocytes arise in the proximal arm. The oocyte in position -1 is the most proximal, fully differentiated oocyte prior to ovulation. (B) PUF proteins comprise four paralogous
subgroups. PUF-4(asterisk) lacks two RNA-binding PUF repeats and likely has unique function. The puf-10 gene (not shown) of the PUF-5/6/7 group is a likely pseudogene
(Lublin and Evans, 2007). (C) Normarski images of proximal gonad arms of mock(RNAi), puf-5;puf-6/7(RNAi) and puf-3/11(RNAi) animals. White lines delimit oocytes.
In puf-3/11 animals, oocytes and nuclei were enlarged when compared to control. In puf-5(RNAi);puf-6/7(RNAi) animals, oocytes reside in multiple rows and vary in
size. Scale bars are 10 mm. (D) Quantiﬁcation of oocyte cell and nucleus size: oocyte or nucleus area was plotted as a function of the oocyte position along the proximal
gonad (as in Fig. 1A). Error bars represent the s.e.m for one representative experiment. nDenotes statistically signiﬁcant differences from mock RNAi controls
(po0.01–0.001).
A. Hubstenberger et al. / Developmental Biology 366 (2012) 218–231 219Quenault et al., 2011; Vessey et al., 2010; Walser et al., 2006;
Wharton and Aggarwal, 2006). C. elegans has ten members, which
can be clustered into 4 main branches: the PUF-8/9, FBF-1/2, PUF-3/
11, and PUF-5/6/7 subfamilies (Fig. 1B) (Stumpf et al., 2008; Wickens
et al., 2002). Several PUFs function during the female phase of
germline development in adult hermaphrodites. PUF-8 is expressed
in the mitotic germ cells where it functions redundantly with MEX-3
to promote mitosis (Ariz et al., 2009). The FBF-1/2 group plays a key
role in the maintenance of stem cell pools and their speciﬁcation
(Bernstein et al., 2005; Zhang et al., 1997; Crittenden et al., 2002;
Crittenden et al., 2003; Lamont et al., 2004; Suh et al., 2009; Wang
et al., 2009). The PUF-5/6/7 subfamily controls later stages of oocyte
differentiation (Lublin and Evans, 2007). The PUF-3/11 group, closest
in homology to PUF-5/6/7, is the only branch for which no biological
function has been described so far. Most PUF proteins contain
8 repeats of a three helix motif, each repeat binding a nucleotide
in a sequence speciﬁc manner (Edwards et al., 2001; Wang et al.,
2002; Wang et al., 2001; Wang et al., 2009). Each subgroup of the C.
elegans PUF family binds related but distinct sequences (Bernstein
et al., 2005; Koh et al., 2009; Opperman et al., 2005; Stumpf et al.,
2008). However, their numerous mRNA substrates in vivo are only
beginning to be uncovered (Crittenden et al., 2002; Kershner and
Kimble, 2010; Lamont et al., 2004; Lublin and Evans, 2007; Merritt
and Seydoux, 2010; Zhang et al., 1997).The many functions of PUF proteins suggest coordination with
signaling pathways that govern tissue speciﬁcation and differentia-
tion. In diverse eukaryotes, PUF proteins control mRNAs from
several developmental signaling or patterning pathways (Kershner
and Kimble, 2010; Kimble and Crittenden, 2007; Lasko, 2009;
Lublin and Evans, 2007; Quenault et al., 2011; Walser et al., 2006;
Wharton and Aggarwal, 2006). For example, PUF proteins in
yeast, worm, and human cells bind and repress mRNAs for the
Ras-MapKinase (Ras-MAPK) signaling pathway, leading in general
to suppression of Ras-MAPK function (Lee et al., 2007a; Prinz et al.,
2007; Whelan et al., 2011). In C. elegans germline stem cells,
FBF-mediated repression of mpk-1 (MAPK) mRNA helps prevent
premature activation of Ras-MAPK activity (Lee et al., 2007a). PUF
functions must also themselves be regulated, and PUFs respond to
signaling systems that control stem cell development, oocyte to
embryo transitions, and early polarity (Johnstone and Lasko, 2001;
Kimble and Crittenden, 2007; Kohlmaier and Edgar, 2008; Li et al.,
2009). However, the mechanisms of PUF regulation are incomple-
tely understood.
The Ras-MAPK pathway is not only a target but also a possible
regulator of mRNA control systems. Ras is a small GTPase that
induces a conserved pathway to activate the ERK (Map) protein
kinases, which in turn phosphorylate downstream substrates (Chang
and Karin, 2001; Moghal and Sternberg, 2003; Sundaram, 2006).
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modulates post-transcriptional controls including several trans-
lation factors (Mahoney et al., 2009; Proud, 2007). In C. elegans,
the Ras-MAPK pathway regulates multiple events during C.
elegans oogenesis (Church et al., 1995; Lee et al., 2007b). Starting
in late meiotic pachytene, MPK-1 undergoes waves of activation
to promote meiotic progression, oocyte growth control,
membrane and oocyte organization, and oocyte maturation
(Church et al., 1995; Lee et al., 2007b; Ohmachi et al., 2002).
These pleiotropic functions result from the coordinated phos-
phorylation of numerous substrates by MPK-1 during later stages
of oogenesis (Arur et al., 2009). Most substrates likely control
post-transcriptional events because transcription is inhibited in
late oogenesis, an idea strongly supported by the substrates
identiﬁed so far (Arur et al., 2009). Given the dominant role of
translational control systems in oogenesis, Ras-MAPK may
modulate speciﬁc RNA-binding complexes during this process.
This idea is supported by a recent study showing direct
inhibition of the translational control factor NOS-3 by MPK-1
(Arur et al., 2011).
In this study, we ﬁnd that the PUF proteins PUF-3/11 and
Ras-MAPK signaling combine with PUF-5/6/7 to control C. elegans
oocyte differentiation. PUF-3/11 controls a similar stage of oogen-
esis as PUF-5/6/7, but these two PUF groups control distinct and
speciﬁc aspects of oocyte formation. Furthermore, we ﬁnd that
PUF-3/11 and PUF-5/6/7 control overlapping but different sets of
mRNAs. Remarkably, the Ras-MAPK pathway modulates oocyte
growth and organization in part through promotion of transla-
tional repression by PUF-5/6/7. Ras and MPK-1 control PUF-5
protein modiﬁcation or isoforms, and function with PUF-5 to
regulate oocyte differentiation. Therefore, a network of mRNA
repression pathways that are modiﬁed by Ras-MAPK signaling
allows coordination of cellular processes essential to oocyte
formation. This and other studies suggest that PUF proteins both
regulate and are controlled by the Ras-MAPK pathway at different
developmental stages. These interactions modulate the spatio-
temporal pattern of germline development.Materials and methods
Plasmids and strains
Strains were maintained by standard methods (Brenner, 1974).
The following strains and alleles were used: N2 (Bristol wild-type
strain); SD939, mpk-1(ga111) unc-79(e1068) III; SD551, let-60(ga89)
IV; JH2270, Ppie-1gfp::H2B::UTR
fbf-1; JH2296, Ppie-1gfp::H2B::UTR
fbf-2;
JH2207, Ppie-1gfp::H2B::UTR
fog-2; JH2423, Ppie-1gfp::H2B::UTR
fog-1;
JH2436, Ppie-1gfp::H2B::UTR
gld-1; JH2252, Ppie-1gfp::H2B::UTR
glp-1;
JH2377, Ppie-1gfp::H2B::UTR
mes-3; JH2221, Ppie-1gfp::H2B::UTR
mex-5;
JH2200, Ppie-1gfp::H2B::UTR
nos-3; JH2320, Ppie-1gfp::H2B::UTR
pgl-1;
JH2349, Ppie-1gfp::H2B::UTR
pgl-3; JH2427, Ppie-1gfp::H2B::UTR
pos-1;
JH2311, Ppie-1gfp::H2B::UTR
spn-4, as described (Merritt et al., 2008).
A puf-5(RNAi) feeding vector (pTE7.30) was generated by cloning
the full length open reading frame (ORF) of puf-5 cDNA into
L4440. For simultaneous RNAi of puf-5 and puf-6/7, a puf-5 cDNA
fragment (32–580 of puf-5 ORF) and a puf-6 cDNA fragment
(847–1440 of the ORF) were cloned together into L4440 to make
pTE7.31. To deplete PUF-3/11, two alternative feeding vectors
were used. The ﬁrst vector was generated by the fusion of a
fragment from puf-3 cDNA (15–610 of puf-3 ORF) and a fragment
from puf-11 cDNA (685–1378 of puf-11 ORF). The second vector,
as well as the let-60(RNAi) feeding vector, come from the C.
elegans RNAi genome library (Kamath and Ahringer, 2003). All
DNAs were sequenced by the University of Colorado Cancer
Center DNA Sequencing and Analysis Center.RNAi, microscopy, and ﬂuorescence imaging analysis
RNAi was performed by feeding as described previously
(Barbee and Evans, 2006; Timmons et al., 2001). For each experi-
ment, L4440 with no insert (empty vector; ‘‘mock’’ RNAi) was
used as a control. For RNAi experiments conducted with the
temperature sensitive strains mpk-1(ga111ts) and let-60(ga89gf)
and matching N2 controls, L4 worms were grown on feeding
plates at 15 1C for 36 h, then transferred as adults at 25 1C for
12 h. Otherwise, L4 worms were grown at 20 1C for 30 h, then at
25 1C for 18 h. An RNAi screen for new genes that control RNP
granules, which led to discovery of PUF-3/11, will be described
elsewhere (A. Hubstenberger, C. Cameron, S. Noble, T.C. Evans,
unpublished observations).
Epiﬂuorescence images were acquired at room temperature
with an Axioskop microscope (Carl Zeiss, Inc.) using a 401.4 NA
Plan Apochromat objective, imaged with Axiocam MRm (Carl
Zeiss, Inc.), and quantiﬁed with Axiovision 4.6.3 software (Carl
Zeiss, Inc.). For each experiment, mock and RNAi depleted animals
were processed in parallel, and UV intensity, exposure times, and
display adjustments were matched. For imaging and quantiﬁca-
tion of GFP reporter transgenes, worms were transferred onto 2%
agarose pads with M9 buffer plus 30 mM NaN3. The GFP max-
imum intensity was determined in each nucleus by drawing a
proﬁle line across the nucleus. For immunoﬂuorescence (IF),
animals were dissected, ﬁxed, and stained with antibodies as
described previously (Barbee et al., 2002). Antibodies used
include rabbit anti-GLP-1 (gift from J. Kimble, University of
Wisconsin–Madison, Madison, WI; (Evans et al., 1994)), rabbit
anti-GLD-1 (gift from T. Schedl, Washington University School of
Medicine at St. Louis, St. Louis, MO; (Jones et al., 1996)), rabbit
polyclonal anti-PUF-5 (Lublin and Evans, 2007). To quantify GLP-1
expression in each gonad, the pixel intensity mean was measured
by drawing a 50 mm diameter circle in the most intense proximal
oocyte and in the distal tip. PUF-5 boundaries were determined
by drawing a proﬁle line to measure PUF-5 intensity along the
gonad long axis. Position of the PUF-5 boundary was determined
by counting number of DAPI stained nuclei between PUF-5
boundary and the last nucleus localized in the gonad cortex.
Oocyte and nucleus area was measured either in intact worms
or in extruded gonads. Both approaches gave similar results. For
dissection, worms were picked onto a coverslip into a drop of M9
buffer containing 30 mM NaN3 (Fisher Scientiﬁc), and cut behind
the pharynx to extrude gonads. The coverslip was inverted onto
an agarose pad. The area of nucleus sections was determined by
drawing a circle superimposed with the nuclear envelope, and the
area of the oocyte sections was determined by drawing a line
along the oocyte plasma membrane.
RNA extraction and RT-PCR
One hundred worms were washed twice with M9 and once
with H2O. RNA was extracted using Trizol LS (Invitrogen). cDNAs
were generated using random hexamers with the Superscript III
First-Strand Synthesis System (Invitrogen). Real-Time PCR was
performed in triplicate using SYBR Green Reagent on a StepOne-
Plus Real-Time PCR System (Applied Biosystems). Primers were
designed around exon–exon junctions to avoid ampliﬁcation of
contaminant genomic DNA using the Primer Express 3.0 software.
For gfp, we used primers 50-AGGTGATGCAACATACGGAAA-30 and
50-AAGCATTGAACACCATAACAG-30. For act-1, we used primers
50-TTGCCCCATCAACCATGAA-30 and 50-CCGATCCAGACGGAGTAC-
TTG-30. Results were analyzed using the StepOne Software v2.1
(Applied Biosystems). Relative mRNA levels were calculated using
the Quantitation Comparative CT (DDCT) method and normalized
to actin mRNA levels. Results were conﬁrmed for at least
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performed as described previously (Noble et al., 2008).
Western blot
Hermaphrodites were bleached and the remaining newly
hatched L1 worms were starved for 24 h at 15 1C on unseeded
plates to synchronize the population. Worms were then grown at
15 1C on NGM plates until reaching the L4 stage, washed 4 times
in M9 buffer Carbenicillin 25 mg/mL, and transferred onto RNAi
plates. Worms were grown for an additional 36 h at 15 1C and
then 12 h at 25 1C. Worm extracts were prepared by boiling
worms in a Laemli buffer. GLP-1 proteins were separated on a
7% SDS-PAGE and visualized by western blot using 1:2000 afﬁnity
puriﬁed anti-GLP-1 (Rabbit) and 1:10 000 HRP-conjugated anti-
rabbit antibodies. PUF-5 proteins were separated on a 8.5% SDS-
PAGE and visualized by western blot using 1:6000 afﬁnity
puriﬁed anti-PUF-5 (Rabbit) and 1:10 000 HRP-conjugated anti-
rabbit antibodies.
Electrophoretic mobility shift assay (EMSA)
MBP::PUF proteins were puriﬁed as described (Lublin and
Evans, 2007). EMSA reactions were incubated at room tempera-
ture by mixing 32P end-labeled RNA oligos at 10 nM with
MBP::PUF proteins at the indicated concentrations in binding
buffer (20 mM HEPES pH 7.3, 50 mM KCl, 1 mM EDTA, 2 mM DTT,
0.1 mg/ml BSA, 0.02% Tween 20) for 1.5 h. Samples were mixed
with loading buffer (5% glycerol ﬁnal), and loaded onto 5% native
gel. Gels were run at 4 W for 1 h, ﬁxed (30% Ethanol, 10% acetic
acid) for 10 min, dried, exposed to a storage phosphor screen for
30 min, and scanned on a Typhoon 9400 (Amersham Biosciences).
Experiments were repeated three times and linear regressions
were generated using Prism 5 to estimate Kd values (GraphPad
Software).Results
PUF-3/11 and PUF-5 regulate distinct biological processes during late
stages of oogenesis
From an RNAi screen for genes that control RNA–Protein (RNP)
complexes, PUF-3 was identiﬁed as a new RNP regulator during
late oogenesis (A. Hubstenberger, C. Cameron, S. Noble, T.C. Evans,
unpublished observations). PUF-5 and its close paralogs PUF-6/7
function redundantly at a similar stage to control oocyte differ-
entiation and organization (Lublin and Evans, 2007). Additionally,
among the PUF subfamilies, the PUF-5 and PUF-6/7 group is most
homologous to the PUF-3/11 subfamily (Fig. 1B). A sixth PUF, PUF-
4, also resides within the PUF-3/11 subgroup, but PUF-4 lacks two
PUF repeats critical to RNA-binding and is thus unlikely to
perform a similar function. We therefore analyzed the role of
PUF-3/11 in oogenesis and compared it to PUF-5/6/7, after RNAi
depletion under identical conditions. We will refer to puf-3(RNAi)
as puf-3/11(RNAi) because of 90.2% nucleotide identity between
puf-3 and puf-11, and because no differences were seen among
puf-3(RNAi), puf-11(RNAi) and puf-3;puf-11(RNAi) phenotypes. As
was seen previously, puf-5;puf-6/7(RNAi) induced smaller disor-
ganized oogonia and oocytes that failed to enlarge their nuclei
(Fig. 1C and D). Most puf-5(RNAi) animals have wild type gonads
and viable progeny, and a low percentage show oocyte misorga-
nization (Fig. 2; Fig. 6C and G). By contrast, puf-3/11(RNAi) caused
premature enlargement of oocyte cell size and nuclear size while
oocyte organization was maintained (Fig. 1C and D). Nuclei in puf-
3/11(RNAi) oocytes were larger than RNAi control oocytes butcontained diakinetic condensed chromosomes (Fig. 2L). In addi-
tion, puf-3/11(RNAi) caused 100% embryonic arrest (n¼154), as
did depletion of puf-11 (n450). Some phenotype differences
could result from differences in RNAi depletion. However, RNAi
of PUF-5 alone caused oocyte misorganization at low penetrance
but ‘‘large oocyte’’ phenotypes were never seen, whereas PUF-3/
11 depletion cause highly penetrant ‘‘large oocyte’’ phenotype but
never mis-organization characteristic of puf-5;puf-6/7 (RNAi).
These results suggest that PUF-3/11 and PUF-5/6/7 control a
similar stage of oogenesis but inﬂuence distinct aspects of oocyte
differentiation. PUF-3/11 limits or delays oocyte and nuclear
growth while PUF-5/6/7 is essential for oocyte growth, nucleus
transformations, and cell organization.
PUF-3/11 and PUF-5 repress overlapping but distinct mRNAs
The different roles of PUF-3/11 and PUF-5/6/7 in oogenesis
suggest that these PUF proteins have at least some different
mRNA targets. To test this prediction, PUF-3/11 and PUF-5 were
depleted in transgenic strains that express reporter mRNAs
encoding a GFP:HIS(Histone2B) fusion protein under control of
different 3’UTRs (Merritt et al., 2008). Each reporter transgene
was driven by the pie-1 promoter. The HIS tag targets GFP to
nuclei (Fig. 2). Loss of PUF-5 alone disrupted repression by the
glp-1 and fog-1 3’UTRs (Fig. 2B and E; Fig. 4D, Fig. 5C). PUF-5
repression of these 3’UTRs was predicted by previous studies,
which showed PUF-5/6/7 repression of endogenous glp-1 transla-
tion and PUF-5 binding in vitro to an element from the fog-1
3’UTR (Lublin and Evans, 2007; Stumpf et al., 2008). By contrast,
puf-3/11(RNAi) caused strong de-repression of reporter mRNA
carrying the nos-3 3’UTR, but did not perturb repression by either
the glp-1 or fog-1 3’UTRs (Fig. 2C,F,I; Fig. 4D and G). Repression
by the nos-3 3’UTR was not altered in all gonads after either
puf-5(RNAi) or puf-5;puf-6/7(RNAi)(Fig. 2H; Fig. 4G; n450 for both
conditions). Together with their phenotype differences, the oppo-
site effects of PUF loss on fog-1 (and glp-1) compared to nos-3
reporters suggest that PUF-3/11 and PUF-5/6/7 regulate distinct
sets of mRNA targets (compare Fig. 2A and F with G and I; and
Fig. 4D to G). This conclusion is further supported by differences
in RNA-binding speciﬁcity seen in vitro (Koh et al., 2009).
Surprisingly, both PUF-3/11 and PUF-5 were required for full
repression by the pos-1 and spn-4 3’UTRs (Fig. 2K,L,N,O). Thus,
these related PUF proteins may co-regulate some mRNAs, directly
or indirectly. The levels of all reporter mRNAs tested were not
signiﬁcantly altered following PUF-3/11 or PUF-5 depletion
(Fig. 2S). Localization of these mRNAs was not investigated,
although glp-1 and pos-1 mRNAs are distributed throughout wild
type gonads and disruption of glp-1 3’UTR elements does not alter
distribution (Crittenden et al., 1994; Evans et al., 1994; Noble
et al., 2008). Therefore, these data support PUF-mediated repres-
sion of mRNA translation.
To test whether PUF-3/11 controls endogenous mRNAs, we
examined POS-1 protein in puf-3/11(RNAi) gonads and found
signiﬁcant ectopic POS-1 protein in puf-3/11 oocytes compared
to control oocytes (Fig. 2P and R). Our previous work showed that
endogenous POS-1 protein levels were unaffected by loss of
PUF-5/6/7, which we conﬁrmed in this study (Fig. 2R) (Lublin
and Evans, 2007). One possibility is that pos-1 mRNA is repressed
to different extents by all of these PUFs, with PUF-3/11 being the
dominant regulator. The GFP:HIS reporter may be a more sensitive
assay of PUF function. Alternatively, endogenous pos-1 may be
repressed by redundant mechanisms including other RNA regula-
tors, other mRNA regions, or protein stability control. In addition,
de-repression of multiple mRNAs that themselves encode transla-
tional or post-translational regulators (as several PUF targets are)
could lead to complex protein expression patterns (see Discussion).
Fig. 2. PUF-3/11 and PUF-5/6/7 repress translation through common and distinct 3’UTRs. (A–O): Fluorescence micrographs of GFP::H2B expressed from reporter transgenes
under the control of the indicated 3’UTRs are shown for proximal gonad arms of live worms; oocyte nuclei (green arrows) are numbered as in Fig. 1A. Scale bars are 20 mm.
(P, Q) POS-1 protein staining after empty vector (mock) RNAi (P) or puf-3/1(RNAi) (Q). (R) Whisker plot (10–90th percentile) quantifying POS-1 ﬂuorescence staining; puf-3/
11(RNAi) levels were signiﬁcantly higher but puf-5; puf-6/7(RNAi) levels were not. (S) mRNA levels were quantiﬁed after different RNAi depletions for the indicated 3’UTR
reporters by real time quantitative RT-PCR. Each bar represents an average of three replicates. No signiﬁcant increases in relative mRNA levels of puf-5(RNAi) or puf-3/
11(RNAi) compared to mock RNAi were detected for all reporters (p40.05). The experiment was repeated at least twice with similar results.
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repression of pos-1 translation through 3’UTR elements. We do not
know the extent to which other PUF-sensitive 3’UTRs control their
endogenous mRNAs. Furthermore, incomplete PUF depletion could
hide some additional overlap of PUF-3/11 and PUF-5/6/7. Regard-
less, these results support distinct translational repression activ-
ities for PUF-3/11 and PUF-5/6/7 for different subsets of mRNAs,
which is consistent with their different roles in oogenesis.
PUF-3 binds conserved elements in regulated 3’UTRs
PUF-3/11 and PUF-5/6/7 could control these mRNA targets
directly or indirectly. Analysis of spn-4 and pos-1 DNA sequence
suggested elements related to PUF binding elements (PBEs) inboth 3’UTRs that are strongly conserved in related nematodes
C. remanei and C. briggsae (Fig. 3A; Fig. S1A and B) (Koh et al.,
2009; Stumpf et al., 2008). To test if PUF proteins could bind
directly to these elements, recombinant protein binding to syn-
thetic RNAs was tested by gel mobility shift assays. Because PUF-5
fusion proteins were labile and bound RNAs inconsistently, we
focused on a MBP:PUF-3 fusion protein. Four conserved regions
with possible PBE-like motifs were detected in the spn-4 3’UTR
and tested by gel shift assay (Fig. S1B and C). However, only one
bound with high afﬁnity (Kd5 nM) to the MBP:PUF-3 fusion
(Fig. 3B; Fig. S1C). Similarly, the conserved potential PBE region of
the pos-1 3’UTR also bound MBP:PUF-3 with high afﬁnity
(Kd23 nM) (Fig. 3B). To test the speciﬁcity of MBP:PUF-3 for
these RNAs, the core UGU motifs were mutated to ACA (Fig. 3A).
Fig. 3. PUF-3 speciﬁcally binds high afﬁnity sites in pos-1 and spn-4 3’UTRs. (A) pos-1 and spn-4 3’UTR fragments contain potential PUF-3/11 consensus PBE sequences (P3BEs)
consistent with class II (blue) or class III (green) sites, as deﬁned by (Koh et al., 2009). Potential PUF-5 element (P5BE) variants reside in same RNAs (dashed boxes). PBEs in
both RNAs are highly conserved (Fig. S1A,B). (B) Gel shift assays of MBP:PUF-3 binding to pos-1 and spn-4 RNAs shown at top of (A). Wild type RNA probes (pos-1 WT and
spn-4 WT) contained UGU motifs (red in A) that were mutated to ACA (underlined in A) in pos-1 mutant and spn-4 mutant RNA probes. Arrows indicate unbound RNAs
and RNA/PUF-3 complexes. The fraction of bound RNA was plotted against protein concentration to obtain an apparent Kd values.
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(Kd41 mm) (Fig. 3B). Thus, PUF-3 binds speciﬁcally and with high
afﬁnity to speciﬁc elements within the pos-1 and spn-4 3’UTRs,
consistent with direct PUF-3/11-mediated repression of these
mRNAs. Both sequences contain a conserved PUF-3/11 binding
consensus (P3BEs) (Fig. 3A; Fig. S1) (Koh et al., 2009). The nos-3
3’UTR also has potential P3BE variants, but these have not been
tested. Although direct binding of PUF-5 to pos-1 and spn-4 RNAs
was inconclusive (unpublished data), variants of PUF-5 elements
(P5BEs) lie within them (Fig. 3A) (Stumpf et al., 2008). In addition,
PUF-5 can bind a P5BE variant within the fog-1 3’UTR in the yeast
3-hybrid assay (Stumpf et al., 2008). Thus, these mRNAs could be
direct PUF-5/6/7 targets. The glp-1 3’UTR also has a potential P5BE
within the region most critical for oocyte repression but it has not
been tested and is not conserved among nematodes, leaving open
direct or indirect control of this mRNA (Lublin and Evans, 2007).
Ras and MPK-1 function with PUF-5 to repress translation of
speciﬁc mRNAs
The stage when PUF-5/6/7 and PUF-3/11 regulate oogenesis
overlaps with activation of the Ras-MAPK pathway (Lee et al.,2007b). Therefore, we wondered if Ras-MAPK function interacts
with either of these PUF pathways. To test this idea, Ras was
disrupted in the same 3’UTR reporter strains that were regulated
by PUF-5/6/7 or PUF-3/11. Strong loss of the Ras-MAPK pathway
function causes germ cells to arrest at the mid/late pachytene
transition (Church et al., 1995; Lee et al., 2007b). To examine
Ras-MAPK function in later oogenesis stages, we used two
approaches: (1) an RNAi protocol that allows bypass of pachytene
arrest, and (2) an mpk-1(ga111ts) temperature-sensitive allele
that strongly reduces MPK-1 function after temperature up-shift
(see Materials and methods) (Lee et al., 2007b). As with loss of
PUF-5 or PUF-3/11, RNAi of let-60/Ras induced ectopic expression
of reporters carrying the pos-1 and spn-4 3’UTRs (Fig. 4A–C).
Ectopic expression of GFP was detected in the most proximal two
to ﬁve oocytes (position -2 up to -5) (Fig. 4A–C). Both 3’UTR
reporters remained repressed in earlier meiotic stages suggesting
that Ras promotes mRNA repression speciﬁcally during the
diplotene to diakinesis period of oogenesis. Under these RNAi
conditions, oocytes were enlarged in let-60(RNAi) animals but
entered diakinesis and had normal organization, as seen pre-
viously with partial loss of Ras-MAPK function (Church et al.,
1995; Gutch et al., 1998; Lee et al., 2007b). Thus, loss of mRNA
Fig. 4. Ras functions with PUF-5 to repress speciﬁc 3’UTRs. (A) Fluorescence imaging of GFP::H2B reporters under the control of the indicated 3’UTRs in the proximal gonad of
live worms. Green arrows point to oocyte nuclei. Numbers refer to their position as deﬁned in Fig. 1A. Note that, in pos-1 and spn-4 control worms, the GFP is weakly
detected in the nucleus of the last oocyte in some gonads. Scale bars are 20 mm. (B–G) Quantiﬁcation of the let-60/Ras(RNAi) effects on different 3’UTRs. Each graph plots
GFP maximum intensity in nuclei against oocyte position for the indicated single or double RNAi conditions for one experiment (n¼8–24 gonads for all graphs; Error bars
are s.e.m.). Similar results were obtained for at least two independent experiments. nDenotes statistically signiﬁcant differences (po0.01–0.001) from empty vector (mock)
RNAi controls. (H) Quantiﬁcation of mRNA levels for the 3’UTR reporters as determined by real time quantitative RT-PCR as in Fig. 2S; pos-1 reporter mRNA levels were
signiﬁcantly increased (n, po0.01).
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failure, or severe differentiation defects. Ras could promote
repression speciﬁcally through certain 3’UTRs or have general
effects on translation or other aspects of gene expression. How-
ever, loss of Ras function did not induce GFP expression from the
strongly silenced fbf-1 3’UTR reporter, nor did it increase GFP
expression from reporters with either low (gld-1 3’UTR) or strong
(mex-5 3’UTR) expression levels (Fig. S2). LET-60/Ras loss also did
not alter reporter mRNA levels, with the exception of the pos-1reporter (Fig. 4H). These results suggest that Ras promotes
translational repression of at least some PUF-dependent mRNAs
speciﬁcally and not general translation, transcription, or GFP
stability. However, the effects of Ras on pos-1 reporter mRNA
levels could reﬂect MPK-1 control of more than one process,
which would not be surprising given the multiple pathways
inﬂuenced by this signaling system (Arur et al., 2009).
These results suggest that the Ras-MAPK pathway might
promote translational repression by PUF-5/6/7, PUF-3/11, or both.
Fig. 5. Ras-MAPK pathway functions with PUF-5 to repress endogenous glp-1 mRNA. (A) Dissected gonads were stained by immunoﬂorescence with a–GLP-1. Only the
proximal part of gonads is shown. Gonads are outlined by thick white lines, oocytes by thin white lines. Gonads were stained in parallel from the same experiment with
matched exposure times and adjustments. Insets: GLP-1 staining in the tip of the distal gonad was used as an internal control. Scale bare: 50 mm. (B) GLP-1 protein
expression was quantiﬁed by measuring GLP-1 pixel intensity mean in a 50 mm diameter circle of the most intense proximal oocyte and normalized to the distal tip. Strains
were N2 or mpk-1(ga111ts), with empty vector RNAi (mock) or puf-5(RNAi) (puf-5) (n¼8–24 for each strain/RNAi). Error bars represent s.d. for one experiment. Similar
results were obtained with three independent experiments. (C) Gonads after the indicated single or double RNAi were dissected and GFP levels of the glp-1 3’UTR reporter
were measured as in Fig. 4 (n¼10–18 for each strain/RNAi). Error bars reﬂect s.d. between animals for one experiment. Similar results were obtained for 4 independent
experiments. (D) GLP-1 and PUF-5 expression was assessed by western blot in the indicated strains. Total protein was extracted from the same number of synchronized
adult hermaphrodites. puf-5 RNAi strongly reduced both of two PUF-5 bands (arrowheads). GLP-1 runs as multiple diffuse bands (arrowheads) due to glycosylation
(Crittenden et al., 1994). Ct: loading control from same blot. (E) Semi quantitative RT-PCR of endogenous glp-1 mRNA extracted from equal numbers of whole worms
showed no change in glp-1mRNA levels in puf-5(RNAi);mpk-1(ga111) animals. Primers distinguished spliced (shown) from unspliced mRNA and DNA products, which were
not detected. actin mRNA levels were similar in both samples (data not shown).
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defects of puf-5 single RNAi. Indeed, puf-5(RNAi);let-60(RNAi)
gonads produced stronger de-repression of the spn-4 and pos-1
reporters than either puf-5 or let-60 single RNAi (Fig. 4B and C).
For example, ectopic expression of spn-4 reporter in distal
oogonia (-4 to -3 oocytes) was strong in puf-5(RNAi);let-60(RNAi)
but almost undetectable in puf-5(RNAi) gonads or let-60(RNAi)gonads (Fig. 4C). Furthermore, while loss of LET-60 alone did not
visibly alter repression by the glp-1 or fog-1 3’UTRs, let-60(RNAi)
strongly enhanced puf-5(RNAi)-induced defects in repression of
these mRNAs (Figs. 4D, 5C). This enhancement was mRNA-
speciﬁc; let-60(RNAi);puf-5(RNAi) did not activate the fbf-1 repor-
ter, and actually suppressed expression of mex-5 and gld-1
reporters even though puf-5(RNAi) alone induced small
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promotes repression of endogenous PUF-5-dependent mRNAs, we
asked if the mpk-1(ga111ts) mutant could enhance puf-5(RNAi)
disruption of endogenous GLP-1 repression. In wild type, GLP-1
protein was very weak to undetectable by western blot and
immunoﬂuorescence in oocytes (Fig. 5A,B,D). In mpk-1(ga111ts)
gonads, GLP-1 staining in ﬁxed gonads was not detectably
increased (Fig. 5A and B). By western blot however, GLP-1 was
detected at low levels in mpk-1(ga111ts) gonads, equivalent to
puf-5(RNAi) animals (Fig. 5D). The mpk-1(ga111ts) mutation may
also have caused a slight increase in GLP-1 gel mobility, although
the diffuse glycosylated forms of GLP-1 complicate a ﬁrm con-
clusion (Fig. 5D) (Crittenden et al., 1994). Remarkably, RNAi of
puf-5 in mpk-1(ga111ts) animals induced a large burst of GLP-1
expression in oocytes, as seen both by immunoﬂuorescence and
western blot (Fig. 5A,B,D). A similar synergistic defect on endo-
genous GLP-1 was observed with Ras(RNAi) (data not shown). No
signiﬁcant changes in RNA levels were seen for reporter mRNAs
carrying the spn-4 or fog-1 3’UTRs after either let-60/Ras(RNAi),
puf-5(RNAi), or puf-5;let-60(RNAi) (Fig. 4H). Similarly, RNA levels
of endogenous glp-1 mRNA were not altered in mpk-1(ga111ts) or
mpk-1(ga111ts);puf-5(RNAi) animals (Fig. 5E). Collectively, these
results suggest that the Ras-MAPK pathway and puf-5/6/7 func-
tion together to repress translation of speciﬁc mRNAs. Ras-MAPK
is probably not essential for PUF-5/6/7 function, but is more likely
a positive modulator.
To test if Ras-MAPK also inﬂuences PUF-3/11 repression, we
asked if LET-60/Ras depletion enhanced translational repression
defects induced by puf-3/11(RNAi). In contrast to PUF-5-dependent
reporters, let-60(RNAi) did not disrupt repression by the nos-3 3’UTR
nor did let-60(RNAi) enhance puf-3/11(RNAi) in de-repressing the
nos-3 reporter (Fig. 4G). Instead, let-60(RNAi) partially suppressed
expression from the nos-3 reporter, and strongly suppressed puf-3/
11(RNAi) de-repression of this mRNA. LET-60 depletion also did not
enhance puf-3/11(RNAi) defects in pos-1 3’UTR repression (Fig. 4E).
A small increase in translation from the spn-4 3’UTR was observed
in let-60;puf-3/11(RNAi) gonads compared to puf-3/11(RNAi) or let-
60(RNAi) alone (Fig. 4F). These results suggest that repression of at
least some mRNAs by PUF-3/11 is insensitive to, or even inhibited
by Ras-MAPK function, in contrast to this pathway’s positive
modulation of repression by PUF-5/6/7. These ﬁndings could mean
that Ras-MAPK speciﬁcally promotes function of the PUF-5/6/7
control system. Alternatively, strong loss of PUF-3/11 function in
these experiments might prevent detection of MPK-1 modulation of
PUF-3/11 activity.
The Ras-MAPK pathway selectively synergizes with PUF-5 to control
oocyte organization
Our results suggest that Ras-MAPK promotes mRNA repression
through direct or indirect interactions with PUF repression sys-
tems, and may be speciﬁc to PUF-5 and PUF-6/7. To further explore
these interactions and how they may contribute to oogenesis, we
examined developmental consequences of perturbation of both
pathways. We ﬁrst induced loss of MPK-1 in mpk-1(ga111ts)
gonads with or without puf-5(RNAi). Whenmpk-1(ga111ts) animals
were shifted to restrictive temperature after germ cells entered
diplotene, oocytes remained in a single row but were enlarged
compared to N2 control worms treated in parallel (Fig. 6B), as seen
with let-60(RNAi) and in previous studies (Church et al., 1995;
Gutch et al., 1998; Lee et al., 2007b). PUF-5 depletion alone in wild
type animals produced wild type oocytes arranged in a single row
in most gonads (Fig. 6C), as expected because of the redundant
function of PUF-6/7 (Lublin and Evans, 2007). However, when
PUF-5 was depleted in mpk-1(ga111ts), oocytes were severely
disorganized forming multiple rows in 75% of gonads examined(Fig. 6D,G). A very similar synergistic phenotype was seen in
let-60(RNAi);puf-5(RNAi) animals (data not shown). Thus, MPK-1
functions with PUF-5 to maintain oocyte organization, supporting
the idea that puf-5/6/7 and mpk-1 promote translational repression
of common mRNAs.
To further test interaction of Ras-MAPK with PUF-5-mediated
mRNA control, we asked if PUF-5 loss could alter defects in a let-60
gain-of-function mutant. The let-60(ga89gf-ts) allele causes
increased and prolonged MPK-1 activation, and inhibits oocyte
growth at restrictive temperature (Eisenmann and Kim, 1997; Lee
et al., 2007b). In our conditions, let-60(ga89) animals produced
small oocytes arranged in multiple rows (Fig. 7B), as was seen
previously (Lee et al., 2007b). Interestingly, puf-5 RNAi partially
suppressed the oocyte growth defect in let-60(ga89) animals
(Fig. 7D–F). This result is consistent with the idea that Ras-MPK
controls some process(es) important to oogenesis through stimula-
tion of PUF-5 activity, either in a dependent or parallel pathway.
However, oocyte mis-organization in let-60(ga89) was not rescued
by PUF-5 loss (Fig. 7B,D), and inactivation of PUF-5/6/7 function
induces oogenesis defects different from either Ras/MPK loss or
hyperactivation (compare Figs. 1C,6E to 6B and 7B). In addition,
loss of MPK-1 and PUF-5/6/7 together produces a more dramatic
oogenesis defect than either alone (Fig. 6F). Therefore, Ras/MPK
and PUF-5 direct different sets of pleiotropic pathways, one or
more of which interact functionally. Our data collectively support a
model where Ras/MPK-1 directly or indirectly stimulates PUF-5
repression activity to fully repress some mRNA targets. Alterna-
tively or in addition, PUF-5 control of MPK-1 activation or addi-
tional downstream substrates is also possible.
PUF-3/11 interactions with the Ras pathway are distinct from
PUF-5 and PUF-6/7. Curiously, the puf-3/11(RNAi) large-oocyte
phenotype bears some resemblance to partial loss of MPK-1 and
Ras (Figs. 1C and 6B). PUF-3/11 depletion in mpk-1(ga111ts)
animals produced enlarged oocytes that were similar in size to
either single mutant or RNAi alone (Fig. S3). However, puf-3/
11(RNAi) did not signiﬁcantly alter the small oocyte defects of Ras
gain-of-function in let-60(ga89) animals (Fig. S3). PUF-3/11 there-
fore may promote oocyte growth upstream or independently of
Ras-MAPK. The different interaction of PUF-3/11 and PUF-5/6/7
with MPK-1 support the idea that PUF-3/11 has at least some
distinct sets of mRNA targets from PUF-5/6/7, and are consistent
with the possibility that Ras-MAPK may speciﬁcally inﬂuence the
PUF-5/6/7 repression system.
MPK-1 controls PUF-5 proteins
If the Ras-MAPK pathway modulates mRNA repression
through control of PUF-5 and PUF-6/7, it might control PUF-5
protein expression or activity. To test this, we asked if loss or gain
of pathway function altered PUF-5 protein levels by both immu-
noﬂuorescence and western blot. PUF-5 protein levels did not
differ signiﬁcantly between wild type, the mpk-1(ga111lf) mutant,
or the let-60(ga89gf) mutant (Fig. 8A). Therefore, MPK-1 is not
required for PUF-5 accumulation. However, on western blots, we
detected two different PUF-5 bands from wild type (N2) extracts,
suggesting PUF-5 exists in two forms (Fig. 8A; see also Fig. 5D).
Both forms are PUF-5 speciﬁc because both disappeared after
puf-5(RNAi) (Fig. 8A). Interestingly, MPK-1 activity controlled the
relative amounts of these PUF-5 protein products. Extracts from
mpk-1(ga111) worms had higher proportion of the faster migrat-
ing form compared to N2 extracts, whereas let-60(ga89) extracts
had higher proportion of the slower migrating form (Fig. 8A). The
nature of these alternative PUF-5 forms is not known. They could
represent post-translational PUF-5 modiﬁcations induced directly
or indirectly by MPK-1 (see Discussion). Alternatively, Ras/MPK-1
may alter production of PUF-5 isoforms. Regardless, together with
Fig. 6. Ras/MPK-1 and PUF-5 functionally interact to control oocyte organization and growth. (A–F) Normarski images of hermaphrodites of the indicated genotypes and RNAi
conditions are shown. White outlines mark oocytes. Scale bars are 20 mm. (G) Penetrance of phenotypes were quantiﬁed. Each value represents an average of at least
3 independent experiments. nIndicates statistically signiﬁcant difference of mpk-1(ga111ts);puf-5(RNAi) from either puf-5(RNAi) or mpk-1(ga111) single mutant/RNAi
(po0.001). ‘‘Oocyte misorganization’’ in mpk-1(ga111ts);puf-5;puf-6/7 gonads was different and more severe than all other strains (as shown in F); oocytes were smaller
and individual cells were difﬁcult to deﬁne.
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PUF-5 and PUF-6/7.
We also detected subtle control of the spatial onset of PUF-5
expression by the Ras-MAPK pathway. PUF-5 expression normally
begins as germ nuclei detach from the gonad periphery and
progress from late pachytene to diplotene stages of meiosis
(Lublin and Evans, 2007). At this same transition, the KH domain
RBP GLD-1 disappears from its peak expression earlier in meiosis
in the distal gonad (Jones et al., 1996). GLD-1 is likely a direct
repressor of puf-5 translation in early meiosis (Lee and Schedl,
2001). MPK-1 is activated close to this ‘‘GLD-1/PUF-5’’ switch,
during the mid-late pachytene transition (Lee et al., 2007b). In
wild type gonads, PUF-5 expression was ﬁrst detected before late
pachytene germ nuclei moved from the gonad periphery to form
‘‘single ﬁle’’ diplotene stage in the center of the gonad core
(Fig. 8B). In the mpk-1(ga111) gonads, PUF-5 expression reprodu-
cibly appeared to be delayed relative to this nuclear migration. By
contrast, in let-60(ga89) gf gonads, PUF-5 expression appeared
prematurely, prior to this nuclear transition (Fig. 8B). GLD-1
expression showed a reciprocal shift, disappearing prematurely
in Ras(gf) and belatedly in mpk-1(lf) (Fig. S4). Therefore, the
GLD-1/PUF-5 switch relative to the transition of nuclearlocalization depends on Ras-MAPK activity. This altered RNABP
switch could be indirectly due to changed timing of meiosis
transition relative to nuclear migration, or to more direct effects
on RNP regulators that mediate the GLD-1/PUF-5 switch.Discussion
Oogenesis is an elaborate process that requires coordination of
speciﬁc mRNA control systems with regulation of oocyte growth,
cytoplasm and nucleus changes, membrane dynamics, and cell
cycle. The results presented here show that the RNA-binding
translation repressors PUF-3/11 and PUF-5/6/7 both control late C.
elegans oogenesis, but repress distinct sets of mRNAs. Diversiﬁcation
of these mRNA repression systems allows execution of different
cellular processes essential to oocyte formation. The mRNA targets
identiﬁed so far suggest these PUFs control pathways of mRNA
regulation and developmental signaling systems. Additional mRNA
targets are also likely, perhaps including those that more directly
inﬂuence cell growth and organization. Furthermore, we found that
the Ras-MAPK pathway adds another layer of regulation by positive
modulation of translational repression through speciﬁc 3’UTRs.
Fig. 7. PUF-5 loss alters oogenesis defects in Ras gain-of-function. (A–D) Nomarski images of dissected gonads of the indicated genotypes or RNAi are shown. The black arrows
represent the distal–proximal axis orientation. White outlines mark oocytes. Scale bars are 10 mm. (E and F) Oocyte and nucleus sizes were measured from dissected
gonads (n¼8–12) in indicated mutant and RNAi conditions, as deﬁned in Fig. 1A. Strain key for the plots in E and F (right of F) denote empty vector RNAi (mock), puf-5
RNAi (puf-5), let-60(ga89gf) (let-60(gf)), and let-60(ga89gf); puf-5(RNAi) (let-60(gf);puf-5). Errors bars represent the s.e.m. for one experiment. nDenotes statistically
signiﬁcant differences from let-60(ga89gf);mock(RNAi) (po0.001). The experiment was repeated three times with similar results.
A. Hubstenberger et al. / Developmental Biology 366 (2012) 218–231228Ras-MAPK works in part with PUF-5 to control mRNA subsets and
oocyte differentiation. Ras-MAPK is not likely essential for PUF-5/
6/7 activity, but rather optimizes repression of some mRNA
targets. Likewise, PUF-5/6/7 represents only one of many parallel
pathways inﬂuenced by the Ras-MAPK system. Taken together,
this work suggests that oocyte growth and organization depend
on regulation of multiple mRNAs by two related but distinct PUF
protein control systems, and that the Ras-MAPK pathway mod-
ulates the output of at least one of these PUF systems to ensure
proper oocyte differentiation (Fig. 9). Moreover, these ﬁndings
combined with previous results suggest PUF proteins have both
negative and positive interactions with the Ras-MAPK pathway
at different levels and different times of germline development
(Lee et al., 2006; Lee et al., 2007a). Together these interactions
control the spatiotemporal organization of the germline stem cell
to oocyte program (Fig. 9).
Role of the PUF protein family in mRNA repression and late oogenesis
In C. elegans, PUF proteins form a large family of ten paralogs
that have diverged both in function and RNA-binding speciﬁcity.
PUF-3/11 reside in one branch of this family (Fig. 1B) but their
functions were previously unknown. We show that PUF-3/11
represses translation in vivo of several developmentally-important
maternal mRNAs during late oogenesis. In addition, we show that
PUF-3 can directly bind in vitro very speciﬁcally and with high
afﬁnity to speciﬁc elements in the pos-1 and spn-4 3’UTRs, elements
that are highly conserved among related nematode species. This
suggests PUF-3/11 control of pos-1 and spn-4 translation is direct.
Most PUF proteins studied to date appear to bind with highest
afﬁnity to a single sequence consensus (PBEs), based on in vitro
selection experiments (Bernstein et al., 2005; Opperman et al., 2005;
Stumpf et al., 2008). PUF-11, however, was shown to bind to threedistinct classes of PBEs (Koh et al., 2009). The spn-4 PUF-3/11 binding
site contains a class III consensus, and the pos-1 PUF-3/11 binding
RNA contains a class II consensus (Fig. 3A). As might be predicted,
nos-3 also contains two potential PUF-3/11 binding sites that are
conserved, suggesting nos-3 could also be a direct mRNA target.
However, PUF-3/11 (or PUF-5/6/7) control of some mRNAs could be
indirect through regulation of other RNA-binding regulators. POS-1,
SPN-4, and NOS-3 are known regulators of mRNAs and embryonic
proteins, and thus de-repression of these or other mRNAs after PUF
depletion could lead to complex patterns of mRNA and protein mis-
regulation (Farley et al., 2008; Huang et al., 2002; Kraemer et al.,
1999; Ogura et al., 2003).
PUF-5 and PUF-6/7 comprises a branch of the PUF family that
is closest in homology to PUF-3/11. Our results show that PUF-3/
11 and PUF-5/6/7 control oogenesis and mRNA repression at a
similar stage, suggesting that they function at a close and possibly
coincident time of development. The dependence of pos-1 and
spn-4 3’UTR control on both PUF-3/11 and PUF-5/6/7 suggests
these PUF proteins may co-regulate some mRNA targets. How-
ever, several results argue that PUF-5/6/7 and PUF-3/11 also
control distinct sets of mRNAs. First, some 3’UTRs were speciﬁ-
cally controlled by PUF-5/6/7 (fog-1, glp-1) or PUF-3/11 (nos-3).
Even co-regulated mRNAs may differ in their sensitivity to PUF-3/
11 and PUF-5/6/7, which is supported by the differential control
of endogenous pos-1 by these PUFs. Second, loss of these PUF
groups produces dramatically distinct phenotypes. Finally, PUF-5
and PUF-3 interact in different ways with the Ras-MAPK signaling
system. In support of these conclusions, in vitro RNA binding site
selection experiments suggest PUF-3/11 and PUF-5/6/7 bind
different RNA sequences (Koh et al., 2009; Stumpf et al., 2008).
Taken together, our results suggest the diversiﬁcation of these
PUF proteins within the PUF family allowed for intricate and
independent modulation of different factors and processes.
Fig. 8. MPK-1 controls PUF-5 protein forms and onset of expression. (A) PUF-5 western blot: protein was extracted from equal numbers of synchronized adult hermaphrodites
after 12 h at restrictive temperature for the indicated genotypes. Two PUF-5 forms were observed, which were strongly reduced after puf-5(RNAi). In three experiments, the
ratio of slower/faster PUF-5 forms increased with Ras-MAPK activity. Bar graphs show quantiﬁcation of total PUF-5 levels (left graph) normalized to loading control (Ct)
band in the same blot, and ratio of slow/fast forms (right graph) by densitometry; ns¼not signﬁcant. (B) MPK-1 controls PUF-5 onset. Dissected gonads of indicated
genotypes were stained in parallel for PUF-5, and imaged with matched exposures. DAPI staining revealed nuclear positioning. Bottom panel: Quantiﬁcation of PUF-5 onset
relative to nuclear migration from periphery to gonad core. Values are nuclear diameters from this transition (negative values are distal to transition). Error bars are s.d. for
one representative experiment.
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oocyte development? As mentioned above, several mRNA targets
identiﬁed so far encode other RNA-binding factors that control
hierarchies of translational control in the embryo and/or germ
line. These PUFs therefore may partly act as master regulators of
these mRNA control circuits, restricting their activities to the
proper developmental times. However, it is very likely that both
PUF groups have many other mRNA targets, some of which may
encode direct mediators of various cell processes. Indeed, PUF-5
can bind several other PBEs in target mRNAs with diverse
functions (Stumpf et al., 2008). These considerations lead to two
models for how these PUF proteins modulate oogenesis (Fig. 9).
In one model, PUF-3/11 and PUF-5/6/7 regulate mRNA controlcascades, which in turn control mRNAs for factors that limit or
promote cell organization and growth. Another model would be
that these PUFs control multiple pathways, and direct control of
membrane and cell dynamics/growth regulators promotes oocyte
formation. The models are not mutually exclusive.
The Ras-MAPK pathway and PUF protein interactions during
oogenesis
Our results show that Ras and its downstream effector MPK-1
add a layer of control to maternal mRNA repression by PUF
proteins. The Ras-MAPK pathway controls multiple aspects of
oogenesis, including meiotic progression, oogonia and nuclear
Fig. 9. Model for PUF control and function patterning during oogenesis. PUF proteins
FBF-1/2 repress mpk-1 mRNA to suppress Ras-MAPK function in stem cells and
early meiosis (Lee et al., 2006; Lee et al., 2007a). Ras-MAPK is activated in early
pachytene and promotes PUF-5/6/7 activity among multiple other parallel
activities. PUF-5/6/7 and PUF-3/11 repress both distinct and common mRNA
targets. Additional unknown targets and indirect controls (?) of all pathways are
probable, and interactions between Ras-MAPK and PUFs could include multiple
levels and feedback controls. Several PUF mRNA targets (pos-1, spn-4, nos-3)
encode mRNA control factors that likely inﬂuence downstream mRNAs. Other
unknown mRNA targets (?) may more directly control cell organization and
growth. Oogenesis may rely on concerted control of both types of mRNA targets,
together with Ras/MAPK modulation of PUF-5/6/7 and other parallel pathways.
A. Hubstenberger et al. / Developmental Biology 366 (2012) 218–231230organization, oocyte growth, and oocyte maturation (Lee et al.,
2007b). Recent work revealed that MPK-1 phosphorylates many
substrates that likely act post-transcriptionally in the C. elegans
germ line (Arur et al., 2009). These MPK-1 substrates support a
model where MPK-1 activates or suppresses multiple parallel
pathways, which together control various post-nuclear events in
the cytoplasm during oocyte development (Arur et al., 2009). Our
results suggest that one of these parallel pathways positively
support PUF-5/6/7 repression of oocyte mRNAs. First, Ras-MAPK
promotes repression by several PUF-5-dependent 3’UTRs, but
does not inﬂuence regulatory properties of other 3’UTRs. Second,
PUF-5 and MPK-1 synergistically cooperate to control oocyte
organization. Finally, PUF-5 protein is modiﬁed by Ras-MAPK
activity. The nature of PUF-5 modiﬁcation is not known. It is
unlikely that MPK-1 directly phosphorylates PUF-5 since no
consensus MAPK/ERK phosphorylation sites reside in PUF-5 or
PUF-6/7. More likely, PUF-5 is modiﬁed indirectly through one or
more MPK-1 substrates. Regardless, taken together, these several
ﬁndings suggest that Ras-MAPK promotes PUF-5/6/7 activity or
controls a parallel pathway that supports PUF-5/6/7 function
(Fig. 9). A simple model is that PUF-5 modiﬁcation by a MPK-1
activated pathway alters RNA binding or association with co-
repressive factors. Alternatively, MPK-1 could modulate other
RNA-associated factors that inﬂuence repression of PUF mRNA
targets. For example, MPK-1 control of general translation factors
might indirectly assist silencing of PUF-5 mRNPs. Another intri-
guing possibility is the recently discovered direct inactivation of
NOS-3 by MPK-1 (Arur et al., 2011). NOS-3 is an RNABP that
belongs to the Nanos family, some of which partner with PUF
proteins (de Moor et al., 2005; Wilhelm and Smibert, 2005).
Perhaps inactivation of NOS-3 alters PUF-5/6/7 activity for certain
mRNAs. Alternatively, MPK-1 inactivation of NOS-3 protein may
have independent functions, perhaps working in concert with PUF-
3/11 repression of nos-3 mRNA. These models are not mutually
exclusive given the pleiotropic nature of Ras-MAPK regulation.
Moreover, PUF proteins are known to also modulate MAPK path-
way mRNAs in both invertebrates and vertebrates (Lee et al.,
2007a; Prinz et al., 2007; Whelan et al., 2011). Therefore, there
could be additional feedback control of PUF-5/67 or PUF-3/11 on
this signaling pathway in late oogenesis (Fig. 9).
This and previous studies suggest the Ras-MAPK pathway has
complex interactions with PUF proteins and other translational
control factors in diverse organisms. Within the stem cell com-
partment of the C. elegans gonad, the PUF proteins FBF-1/2 repressmpk-1 translation, which functions with other mechanisms to
suppress MPK-1 activity in early-stage germ cells (Lee et al., 2006;
Lee et al., 2007a). Our results suggest that once MPK-1 is activated
in later stages, PUF-5/6/7-dependent mRNAs are indirect down-
stream targets that collectively mediate some of its many func-
tions. Therefore, complex negative and positive interactions
between PUFs and Ras-MAPK change over time during the stem
cell to oocyte developmental program (Fig. 9). These dynamics
likely contribute to spatial and temporal organization of this stem
cell system. In other systems, MAPK promotes translation through
several pathways, in oocyte development and many other tissue
systems (MacNicol and MacNicol, 2010; Mahoney et al., 2009;
Proud, 2007; Whelan et al., 2011). These pathways inﬂuence the
general translation machinery and some mRNA-speciﬁc systems.
It is likely that Ras-MAPK has multiple effects on mRNA control in
diverse systems, including the C. elegans germ line. In support of
this pleiotropy, direct targets of MPK-1 in C. elegans gonads
include several RNA-associated factors (Arur et al., 2011; Arur
et al., 2009). Therefore, this pathway likely inﬂuences mRNA
regulation in diverse developmental and cellular contexts.Competing interest statement
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